The development of new optical glass polishing methods that improve the production efficiency of standard components is of key interest for the optical industry . Laser polishing is a very attractive method since it requires no mechanical abrasives or surface-adapted polishing tools . Moreover, it can be applied to surfaces of very complicated topography that are difficult or even impossible to polish using more traditional techniques and provides the possibility of automatic processing . We demonstrate rapid generation of large area polished optical surfaces by high power CO2 laser irradiation. Results focus on glasses with high expansion coefficients (a 105/°C) conventionally used in the optical industry such as TRC-33 . The technique is applied to preheated glass samples with initial rms roughness up to 500 nm. To find out the conditions for successful and reliable use of the proposed laser polishing method, the laser-driven heating process is monitored by means of the surface and depth temperature distributions. Whereas the former is determined insitu from the JR radiation emitted by the glass surface, the latter is obtained by comparison of the JR radiation emitted by the bulk sample with a theoretical model. Laser polishing of 5000 mm2 glass surfaces is reported and processes involved in the surface modification of irradiated samples are described and discussed.
INTRODUCTION
The processing of materials based on the melting or softening of a thin surface layer and its later solidification is a topic of longstanding 1, 23 This technique is used to enhance or modify the surface properties and, in particular, to polish rough surfaces.4'5 The polishing or, equivalently, the decrease in surface roughness occurs because of a surface tension driven flow in the molten or softened layer. This layer must be at least as deep as the peak-to-valley initial surface roughness. Moreover, the polishing flow occurs only if the surface layer is kept molten or softened for long enough. Commonly, surface treatments require the contribution of a large amount of energy on the surface. Mid to high power CO2 lasers are suitable and frequently used tools for supplying this energy.
This paper deals with polishing relatively large surfaces of optical glass by high power CO2 laser irradiation. Although glass is not a totally absorbent material, it has a very high absorption coefficient at JR wavelengths longer than 5 m, its measured value being in the iO m' range. So, when the 10.6 m radiation emitted by a CO2 laser impinges on a glass surface, a large amount of energy is absorbed in a thin surface layer. This implies that a laser treatment restricted to a glass surface is possible and for this reason laser polishing of optical surfaces can be done with no changes in given curvature parameters. Moreover, reflectivity at 10.6 m is much less in glass than in metals and, therefore, the global energy efficiency of CO2 laser irradiation is much higher for glass than for metals.
Laser polishing of glass has been studied and reported before now. It is an extraordinarily attractive possibility from an industrial point of view since it would allow the automation of the polishing process. Moreover, this technique may be specially suitable for obtaining non-spherical and non-revolution optical polished surfaces, which are very difficult and sometimes even impossible to polish using more traditional techniques. However, when dealing with conventional optical glasses that present high expansion coefficients (a l05/°C) laser polishing is very difficult because the laserinduced thermal stresses usually exceed the material yield stress and consequently the glass cracks5. Jn an earlier work, the authors studied the laser polishing process of glasses conventionally used in the optical industry6. The samples treated were ground ophthalmic lenses, that is, lenses with given curvature parameters and surface rms roughnesses in the 500 nm range. Their surfaces were irradiated with a 80-mm2 CO2 laser spot with a uniform transverse energy distribution, obtained from a TEM laser beam expanded and reshaped by means of a vibrating multi-faceted mirror. All processed lenses were previously heated up to a temperature higher than that of the transformation point. This was to avoid irresistible laser-induced thermal stresses that would make the glass crack. The area of the lens surface under the laser spot appeared polished after the treatment, with rms roughness of approximately 1 nm, and without changes in the initial surface figure. These results supported the possibility of polishing larger optical surfaces with no mechanical abrasives or surface-adapted polishing tools.
The aim of this paper is the development of a scaled up application of the polishing method summarized in the above paragraph, always focusing on optical glass areas as large as, for example, a lens surface. To achieve this goal we use a high power CO2 laser beam that is reshaped by means of a novel active integration method and scanned over the desired area. The laser-driven heating process is real time controlled by means of two homemade electro-optical sensors. They measure the IR radiation emitted, respectively, by the surface and the bulk glass sample. From the former, the surface temperature can immediately be determined. From the latter, the depth temperature distribution can be deduced by comparison with a theoretical model. Results obtained in polished samples are encouraging as regards laser polishing of optical glass. Starting with samples with an rms roughness up to 500 nm we reach final rms roughness values lower than 10 nm. However, under certain irradiation conditions a surface texture is induced by the scanning of the laser beam over the glass sample.
EXPERIMENTS

Large area polishing of optical glass surfaces
As is well known, glass does not exhibit a well-defined fusion-phase transition. By gradually increasing the temperature of the glass, a progressive decrease in its viscosity and a consequent increase in its ability to flow is observed. Therefore, the depth-decreasing temperature distribution induced by a laser surface treatment in a glass sample translates into a depth-decreasing ability to flow. To polish, a surface tension driven flow is needed in the surface layer. So, temperature values in it must be above the flow temperature (> 1000°C), since only for these values is the glass viscosity coefficient small enough ( < iO PaSs). Moreover, to avoid a global deformation, temperature values in the bulk sample must be kept below the glass softening temperature ( 700°C).
In laser treatments a non-uniform intensity distribution in the laser beam translates into a non-uniform temperature distribution with high transverse thermal gradients on the sample surface. In materials with a high thermal diffusivity a lateral heat flow rapidly minimizes these temperature gradients. Since the thermal diffusivity of the glass is from 10 to 100 times lower than that of metals, thermal gradients induced by laser treatments last for longer periods of time in glass and might induce undesirable permanent macroscopic surface deformations. Thus, to treat a glass surface by laser irradiation a very uniform intensity distribution is needed. Such a distribution is usually obtained by means of a suitable integration system.
In the earlier work of the authors' mentioned above6 beam integration was obtained by means of a vibrating multi-faceted mirror. The size of the flat facets limited the size of the treated area, which in our case was 80 mm2. In order to irradiate larger surfaces (> 5000 mm2) a complete scaling up of this experiment might have been carried out. This would require a higher power laser, a very large aperture beam expander, very large facets in the integrating mirror and, consequently, a larger laser spot at the sample plane would be obtained. With such constituents the dimension of the experimental setup would be enormous and its cost very high. Moreover, a suitable vibrating system to integrate the beam could hardly be found. Therefore, we developed a new active integration technique7 that provides a strip beam at the sample plane. To treat the whole desired surface we scan the strip beam over it. Figure 1 shows the experimental setup used to polish optical glass surfaces. The CO2 laser is able to deliver a highly spatially coherent beam with a transverse energy distribution corresponding roughly to the TEM01' mode and with a maximum power of 2 KW. The active integration system is based on a mirror with two facets , one of which is able to vibrate under the action of a piezoelectric translator. The faceted mirror divides the incoming beam into two beamlets that are forced to overlap partially in order to obtain a redistribution of the beam intensity for greater uniformity. However, the interferential effects produced by the superposition of the two coherent beamlets result in large intensity variation. By activating the piezoelectric translator, one of the facets moves periodically and a periodic phase shift between the two reflected beamlets is established. In consequence the interference pattern vibrates at the same frequency as the facet and its contribution to the intensity profile averages out. The combination of the faceted mirror and an optical system results in an intensity profile with good uniformity over a large strip beam as shown in Figure 2 . Strip beam dimensions at the sample plane can be varied from (2 mm x 100 mm) to (8 mm x 100 mm).
Due to laser treatment, depth thermal gradients always appear, even when a good beam integration is achieved. In glass, they are high because of the great absorption and the low thermal diffusivity mentioned above. As the thermal SPIE Vol. 2775 / 605 Figure 1 Schematic drawing of the laser-irradiation experiment expansion coefficient depends on temperature, these high depth thermal gradients promote internal stresses in a treated glass sample and might make it crack. These undesirable effects worsen when the temperature is around the transformation point, TR, since the thermal expansion coefficient increases suddenly at this point. Therefore, samples must be preheated to a temperature slightly higher than TR when optical glass is used. Also, after the laser treatment, during cooling, the temperature of the sample must go through the transformation point in a controlled way, following a typical annealing cycle. In order to satisfy these needs, the laser treatment is carried out in an oven as shown in Figure 1 . In this way, the suitable thermal cycle can be programmed.
In all the experiments the samples treated were circular (4 = 80 mm) pieces of optical glass TRC-33. The irradiated surfaces were concave and spherical with given curvature radius from 60 to 255 mm. Their initial mis surface roughness was up to 500 nm. The scanning velocities of the laser strip beam over the samples were of a few millimeters per second.
Control of the laser-driven heating process
The heating cycle induced in a glass sample during the laser polishing process must yield depth thermal gradients low enough to avoid excessive thermal stress and, also, high enough to achieve surface temperatures well above the flow temperature of the glass. To obtain the on-line control of the heating cycle two electro-optical sensors were designed, constructed and calibrated. We use them to determine respectively the surface and depth temperature distribution from the IR radiation emitted by the glass sample while it is being irradiated. Figure 3 shows the measured glass spectral transmittance. It states that glass behaves as a semi-transparent material for wavelengths X < 5 im and as an almost perfect absorbent for X 5 j.m. Therefore, radiation with X < 5 jm emitted at a glass surface arises from the bulk of the glass, whereas radiation with X 5 j.m arises exclusively from a thin surface layer. Since the JR emission depends only on the temperature of the emitter, to find out the surface temperature distribution a sensor sensitive to X 5 m radiation was developed (sensor A), and to fmd out the depth temperature distribution a second one (sensor B) sensitive to X < 5 jm was also developed. To monitor the laser-driven heating process, with sensor A or B, we use the experimental setup shown in Figure 4 .
The fundamental constituent of sensor A is a pyroelectric detector with a bandpass interferential filter between 5 and 6.5 m. The optical system of the sensor is an uncoated ZnSe meniscus lens with a 2.5 inch focal length. The reduced 7 mm aperture allows this system to image, without noticeable aberrations, the surface of the sample on that of the detector, with a 2 mm spatial resolution and maintaining an acceptable signal-to-noise ratio. The lens and the detector are mounted on the two ends of a cylinder, which is the mechanical support of the sensor. The incoming radiation to the 606 ISP1E Vol. 2775 Distance (mm) 
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detector is mechanically chopped and the detector signal is electronically treated by a lock-in amplifier. The response time of the sensor is 50 ms.
temperature was higher than 1000°C for roughly 5 s, this treated.
The response of sensor A depending on temperature has been calibrated by means of the radiation emitted by a black body. The calibration graph is plotted in Figure 5 , where the temperature of the black body varies from 300 to 900°C. For these values the radiation reaching the detector was calculated theoretically using Planck's law and considering the attributes of the sensor, namely, the aperture, the lens and bandpass filter transmittance, the overall geometry and the spectral responsivity . The detector signals calculated are also plotted in Figure 5 and allow us to fit the response of the sensor (V/W). Figure 6 shows the recorded signal corresponding to a thermal measuring experiment carried out with sensor A . In this experiment the sensor imaged a fixed point of the surface of the sample which was irradiated with a 2 mm wide strip-shaped integrated beam. The scanning velocity of the strip was 1 .5 mm/s. Translation from mY in the recorded signal to °C at the surface point can immediately be achieved by means of the calibration graph in Figure 5 . So, an initial surface temperature of roughly 580°C and a maximum one of 1250°C were measured. The cooling from maximum to initial temperature lasted 35 s approximately. The surface being, consequently, the flow surface period in the sample Figures 7(a) and 7(b) show the recorded signal corresponding to a surface temperature measurement carried out, respectively, without and with laser irradiation. In the experiment, sensor A imaged the incidence point of the laser during the whole polishing process, while the sample was displaced below them. The recorded measurements are independent of the position of the focusing point along the larger dimension of the stripshaped incidence area and they show that there is a good thermal uniformity over the entire surface treated.
The setup and operation of sensor B are the same as those of A. Its fundamental constituent is a PbSe photoconductive detector with a detection range from 1.5 to 4.8 jtm. This detector was selected because we verified that in its detection range the sensitivity to temperature changes between 500 and 1000°C is the highest, and the temperature of the glass during the laser polishing varies between these two values. The sensor optics is an IRGN-6 lens that is nearly transparent to the wavelengths to which the detector is sensitive. The signal in sensor B is indirectly related to the depth temperature distribution and its temporal evolution in the sample treated. We simulate the laser-driven thermal process in the sample by means of a 1D theoretical model6 based on the one-dimensional heat-conduction transfer equation. With it we compute the sample temperatures depending on depth and time starting from the real laser power applied, its temporal evolution and the thermal and optical parameters of the glass. The computed temperatures of the sample, the thermal radiation laws, and the attributes of the sensor allow us to calculate the theoretical sensor signal. We compare it with the real-time signal obtained with sensor B in the way shown in Figure 4 , obtaining good agreement in all experiments. The agreement validates the computed temperatures of the sample. Even though simulated, they give very valuable information for planning the polishing experiments and understanding the results obtained from them.
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608 ISPIE Vol. 2775 To analyze the surface topography of the samples treated we use an interferometric optical profiler with a 2.5X objective featuring a Michelson interferometer. Figures 8(a) and 8(b) show, respectively, the surface profiles of a sample before and after the laser treatment. They are the kind of profiles that we obtain typically in our laser polishing experiments. The plot in figure 8(a) shows a peak-to-valley roughness in the 70 nm range and a number of slightly deeper flaws. This topography was caused by the grinding process of the surface of the sample. Figure 8(b) shows that after the laser treatment the roughness decreased spectacularly, the flaws were partially filled and the rms roughness achieved was 4 nm.
RESULTS AND DISCUSSION
Polishing requires the laser irradiation to promote the softening of a surface layer on the sample deep enough to eliminate the initial surface roughness. Moreover, the polishing also requires the softened mass to flow for a long enough time. So then, if the initial flaws were not completely filled during the polishing process either the softened layer was not deep enough, or the flowing time was not long enough. To solve this, we would have to increase either the laser power or the irradiation time at each point on the sample surface which depends on the width of the laser strip beam and the scanning velocity. The depth temperature distributions calculated with the 1D model mentioned in the previous chapter can be considered as a good approximation to the temperatures attained in the samples treated and, consequently, they can help us to plan the suitable irradiation conditions. However, the surface dynamics in our laser polishing experiments is clearly a 3D process and to better understand it a 3D theoretical simulation of the thermal cycle induced in the irradiated samples is being developed. Also, a 2D monitoring of the surface temperatures would be advantageous.
Depending on laser irradiation conditions, we 800 observe different kinds of effects in the modification of the surface texture of the glass sample. Although the surface roughness decreases in all experiments, the cn surface profiles sometimes show a widely spaced deformation or waviness. This kind of texture, which has not been observed in the small scale experiments, 6 always appears perpendicularly to the scanning direction and parallel to the strip laser beam. the surface layer of the glass determines the formation Measured profile of a sample of TRC-33 showing wavines of ripples. We also observe that when the transverse induced by the beam scanning in polishing process thermal gradient is reduced the waviness decreases and may even disappear. Another effect induced by surface laser treatment must also be mentioned: a very slight overall contraction of the sample. The measured curvature radius of the laser polished glass samples is up to 5 % lower than that of the initial ones.
According to the above discussion, the laser polishing technique presented makes it possible to obtain polished surfaces of optical glass with rms roughness lower than 10 nm that are competitive with those obtained by conventional mechanical methods. However, the final surface may present waviness and slight variation of its figure. The experiments that we have done up till now show that these effects depend strongly on irradiation conditions. That is, the power of the laser beam, its dimensions at the sample plane and the scanning velocity. Because of the large number of variables governing the surface dynamics, a number of systematic experiments to optimize the irradiation conditions are being carried out.
CONCLUSIONS
A new CO2 laser application to polish large areas of optical surfaces in conventional glasses used by the optical industry has been proposed and demonstrated. The rms roughness of the treated surfaces decreased from the region of 500 nm to that of 10 nm. A new integration method is proposed and we measured that it provides uniform surface heating. A successful monitoring of the laser induced thermal cycle is carried out. The reported technique may be specially suitable for obtaining both nonspherical and nonrevolution optical polished surfaces and it would allow the automation of the polishing process.
